Abstract Microbial fuel cell (MFC) technology has the potential to become a major renewable energy resource by degrading organic pollutants in wastewater. The performance of MFC directly depends on the kinetics of the electrode reactions within the fuel cell, with the performance of the electrodes heavily influenced by the materials they are made from. A wide range of materials have been tested to improve the performance of MFCs. In the past decade, carbon-based nanomaterials have emerged as promising materials for both anode and cathode construction. Composite materials have also shown to have the potential to become materials of choice for electrode manufacture. Various transition metal oxides have been investigated as alternatives to conventional expensive metals like platinum for oxygen reduction reaction. In this review, different carbon-based nanomaterials and composite materials are discussed for their potential use as MFC electrodes.
Introduction
Due to a growing global population, domestic and industrial energy demands are on the rise. According to the International Energy Agency (IEA), power demand is expected to rise up to 18 billion tonne oil equivalent by 2035 from a current demand of 12 billion tonne oil equivalent [1] . Presently, most of the world's energy is derived from fossil fuels, but their efficiency, security and environmental effects hold it back from being a preferred energy resource. To meet future energy demands, there is need of a reliable, sustainable and clean energy source. While nuclear power may be an alternative means of energy, with the recent incident in Japan in 2011, the safe and reliable implementation of it remains in question [2] .
In the coming decades, access to clean water will be limited in many parts of the world. Recycling of wastewater (wastewater treatment) is one of the ways in which the demand for clean drinking water can be met. At present, most existing wastewater purification technologies consume a lot of energy. According to recent reports, in the United States, water and wastewater systems consume around 5 % of the total energy produced in the country, which happens to be a huge burden on the energy sector [3] . To address this inefficiency, microbial fuel cells (MFCs) can be explored to treat wastewater in a more economical and sustainable way.
An idea developed by British botanist Potter [4] in 1911 was to produce electricity using microbes that oxidize organic molecules. Since then, MFCs have attracted special attention from researchers, representing a promising solution for energy generation. MFCs treat water in addition to generating energy by consuming organic pollutants from the wastewater. Over the last 10 years, this idea has seen a tremendous interest from scientific community leading to a promising power source to provide power for electronic devices [5] and other practical application in a cost-effective manner [6] .
The concept discovered by Potter in 1911 [4] was not well appreciated until 1999, when it was shown that bacteria can transfer electrons externally to electrodes [7] . During the last decade, this technology has been developed in a practical way for electricity generation along with wastewater treatment [8, 9] .
Principally, the performance of MFCs can be affected by several factors including microbial inoculum, the chemical substrate in the fuel, the proton exchange membrane (PEM) and the electrode material. For the last decade, most of the research in this field has been focused on the electrode material because it directly influences the performance and as such the potential commercialization of MFCs.
Various electrode materials have been used to enhance the performance of MFCs including single metal electrodes to composite nanomaterials. In this review, material and architecture aspect of anode and cathode are discussed.
Introduction to microbial fuel cells
A fuel cell converts the chemical energy of a fuel into electrical energy without the need for combustion. MFCs are a type of electrochemical fuel cell in which the organic matter found in wastewater is oxidized by microorganisms. Conventionally, MFCs consist of an anode and a cathode separated by proton exchange membrane (PEM) such as Nafion and poly(tetrafluoroethylene) (PTFE). The schematic diagram of a typical MFC is shown in Fig. 1 .
The bacterial biofilm produced at anode acts as catalyst to convert the chemical energy of the organic molecule into electrons while the oxygen gets reduced to form water at cathode [10, 11] .
Electron transfer mechanism
The output power of a MFC depends on various factors including the type of organic matter present in the wastewater, electron transfer rate from bacteria to the anode and the efficiency of the membrane to transfer hydrogen ions [12] . Some microorganisms are known to deliver electrons from their oxidative metabolic pathways to their external environment, such microorganisms are called exoelectrogens [13] . Two major genera of bacteria are known for this ability; Geobacter and Shewanella. The extracellular transport of electrons to electrodes takes place in three different ways:
1. Direct electron transfer 2. Electron transfer through mediators and 3. Electron transfer through nanowires.
Direct electron transfer: This type of mechanism is found in the Shewanella, Geobacter species in which electrons are directly transferred to the electrode surface. The outer membrane cytochrome (C-type) is involved in the direct transfer of electrons produced from NADH [14] . Electron transfer through mediators: Few genera of bacteria such as Shewanella and Pseudomonas secrete some chemical species such as flavins called shuttle molecules to transfer electrons from the outer membrane of bacteria to electrodes [15, 16] .
Electron transfer through nanowires: Geobacter genera and very recently Shewanella are reported to use conductive appendages for electron transfer outside the cell [17, 18] . These conductive networks are cellular outgrowth, as long as 20 lm, termed as nanowires. It is reported that the electronic conductivity of these nanowires is much higher than synthetic metallic nanostructure [19] . Schaetzle et al. suggested fourth mechanism of electron transport by oxidizing the excreted catabolites by the bacteria [20] .
Biochemical cell reactions
In MFCs, organic molecules such as acetate and glucose are oxidized to produce electrons, which travel down to an external circuit, producing power. The emf produced by an MFC can be calculated as: 
where E cathode ; E anode and g are the half cell potential at the cathode, the half cell potential at the anode and a loss term, respectively [21] . The loss term includes ohmic losses, which are more dominant, activation losses and mass transfer losses. The oxidation reaction (sodium acetate) at anode and oxygen reduction reaction at cathode can be written as:
According to the Nernst equation, the half cell potential can be calculated as:
where E 0 ; R; T; Q are the standard half cell potential, the gas constant, the temperature in Kelvin and the activity constant, respectively. The feasible energy produced by the electrochemical system can be calculated using the Gibbs free energy equation as:
where n is number of electrons, F is Faraday constant and E cell is cell voltage [22] . If the overall reaction is thermodynamically favored, the electricity is generated in the MFC following the Gibb's free energy equation.
Electrode material
The selection of the proper electrode material is crucial for the performance of MFCs in terms of bacterial adhesion, electron transfer and electrochemical efficiency. There are many studies to scale up the power production using different carbon-based materials such as carbon paper, carbon felt, carbon fiber as well as carbon nanotube-based composites. To implement the MFC technology in practice, the cost of materials must be reduced and power densities must be maximized. In addition, the cathode materials should have catalytic properties for oxygen reduction [23] .
Although the criteria to select materials for the anode and cathode are different, in general both should possess the following properties:
Surface area and porosity: The output power of MFCs is greatly constrained by the surface area of electrodes. The ohmic losses are directly proportional to the resistance of the electrode. The easiest way to decrease the resistance is to increase the effective surface area while keeping the volume the same, hence enhancing the efficiency of the MFC. Furthermore, a high surface area provides more sites for reactions, enhancing electrode kinetics [24] [25]. However, porosity will decrease the electrical conductivity of the material. Electrical conductivity: Electrons released from microbes have to travel along an external circuit after passing through the anode. The high electrical conductivity of the electrode material makes the electron flow with less resistance. At the same time, the interfacial impedance should be low to facilitate the electron transfer. At the cathode, the ionic conductivity is also required to facilitate triple phase boundary reaction [26] . Stability and durability: The reducing and oxidizing environment in an MFC may lead to the swelling and decomposition of the materials. The high surface roughness increases the durability of the material while it might increase the chances of fouling, thus may decrease the long-term performance of the MFC. Therefore, the material for electrodes should be durable as well as stable in an acidic and a basic environment. Cost and accessibility: The cost of the electrode material influences the capital cost of the MFC to a large extent. To commercialize the MFC, the material should be low cost, sustainable and easily available. Some metals like platinum are highly expensive, non-durable and nonsustainable as well. Non-precious metal materials such as composites might be an alternative to substitute precious metals in electrodes in the future.
In addition, materials used for the anode must have biocompatible properties. A superior biocompatible material will increase the bacterial adhesion and hence the life of the MFC.
Anode material
The anode material significantly impacts the biofilm formation and the electron transfer between the microorganism and the electron acceptor. Various materials used in an MFC including carbon rods, carbon cloth, carbon fiber, stainless steel mesh are summarized in the following sections.
Conventional carbon-based materials
Carbonaceous materials such as graphite rods and graphite brushes, carbon cloth, carbon paper, carbon felt and reticulated vitreous carbon are widely used as anodes in MFCs because of their high electrical conductivity, specific surface area, biocompatibility, chemical stability and low cost [27, 28] . Different electrode materials used as anodes are shown in Fig. 2 .
Liu et al. used eight graphite anodes with a single cathode in a single-chambered MFC and observed a decrease of chemical oxygen demand by 80 % from the initial value. Although, the maximum power obtained was less ca. 26 mW/m 2 . The low porosity of carbon rods limits its wide application in MFCs [12] . Lovley and coworkers solved this problem using similar materials with higher surface areas such as graphite felt electrodes and showed that the maximum current produced was increased by three times because of an increase in electrode surface area [30] . One other approach adopted by Logan et al. involved using a graphite fiber brush electrode wound around a titanium wire to increase the surface area and microbial inoculation. The maximum power density was measured to be up to 2400 mW/m 2 , which was around four times higher than that of carbon paper [29, 31] . Carbon cloth, another similar material, showed a maximum power density of up to 483 mW/m 2 [32] . A three-dimensional, ultra-met, chemically and thermally resistant material called reticulated vitreous carbon (RVC) was used by He et al. This material was proven to be biocompatible as demonstrated by Pec et al. using cell viability studies [33] . Carbon mesh electrodes were used by Wang and co-workers because of their low cost [34] . The power density was increased to 1015 mW/m 2 , which was higher than that of carbon cloth. In Fig. 3 , the performance of conventional carbon-based materials is shown. It is clear from the plot that graphite foam with same geometrical area as graphite rod showed 2.4 times more current (current density: 74 mA/m 2 , voltage: 445 mV). A new type of filler anode was developed by Liang et al. through sintering of carbon felt and carbon paper, decreasing the resistance by decreasing the grain boundaries and hence enhancing the connection [35] . CNT-based material Carbon nanotubes (CNTs), allotropes of carbon, have been shown to be promising alternative materials for MFC electrodes because of their unique electrical conductivity, chemical stability, biocompatibility, high specific area and also catalytic properties [36] . It is reported that CNTs have strong cell adhesion, cell attachment and growth properties [37, 38] . Very recently, Erbay et al. reported that microbes grown over CNTs result in excellent charge transfer characteristics due to p-p stacking between the carbon atoms of graphite and the pili (a cellular outgrowth) of microorganisms [39] . CNTs can be grown directly over the stainless steel mesh to keep the ohmic resistance low. It was observed that the spaces between CNTs have the advantage of providing space for microbe inoculation. Furthermore, the minimum amount of amorphous carbon provides excellent charge interaction. Tsai et al. coated CNTs over the carbon cloth to form a highly conductive anode of MFC with a large surface area and found that the maximum power density was improved by 250 percent [40] . The properties of conventional anode materials used in MFCs are described in Table 1 .
Composite materials
Recently, it was reported that CNTs incorporated with a conductive polymer can lead to a synergistic effect [46] . Qiao et al. showed that a CNT-polyaniline composite enhanced the electrocatalytic property and adhesion with the bacterial cell. They assumed that it was because of the protective effect of polyaniline and large increase in surface area. Other reports showed that CNTs deposition over carbon paper increases the power density by six times as compared to a graphite electrode [47] . Polypyrrole-coated CNTs were tested in a dual-chambered MFC and characterized by cyclic voltammetry. The result showed high peak current compared to the separation between the peak voltages, indicating that the polypyrrole-CNT composite increases the electrochemical active area [48] . In addition, polypyrrole-CNT showed a high electron transfer, which means that it is likely that PPy polymer might contain some molecular units similar to redox mediators [49] .
When activated carbon is treated with concentrated nitric acid and ethylene diamine, the nitrogen to carbon ratio on the surface of the carbon fiber increases making bacterial adhesion more favorable [34, 50] . The glassy carbon electrode was coated with multiwall CNTs and used as an anode in an electrochemical setup, it was then reported that there was an increase in current density by a factor of 82 compared with a bare glassy carbon electrode using the same experimental conditions. Additionally, it was found that the multiwalled CNTs increase the outer membrane cytochrome electron kinetics [51] . Since anodes are employed directly with the bacterial inoculum, they are prone to swelling and degradation. In addition, their catalytic properties are limited. There is a need to modify such materials to obtain enhanced catalytic properties. Various treatments can be employed to improve the performance of carbon materials [52] .
Material treatments
Surface treatment: Various surface treatments for anode materials in MFCs have been investigated to enhance the adhesion with microorganisms. The ammonia treatment is common among surface treatments. Ammonia treatment increases the adhesiveness between the bacteria and the electrode surface [50] . Cheng et al. showed that the ammonia-treated electrode greatly increased the power density by 48 % and reduced the start-up time of the MFC from 150 to 60 h [50] . Zhang et al. modified the stainless steel mesh anode with graphene and observed a power density of 2668 mW/m 2 , which was 18 times higher than a plain stainless steel mesh electrode [53] . Acid treatment: When the electrode surface is treated with concentrated inorganic acids, it results in the Difficult to increase surface area [12] Graphite fiber brush High specific area and easy construction Clogging [31] Carbon cloth Large relative porosity Relatively expensive [42] Carbon paper Easy wire connection Fragile [43] Carbon Felt Large surface area High resistance [44] RVC High electrical conductivity Fragile, large resistance [45] protonation of functional groups over the electrode surface, as such increasing the number of positive charges over the surface of the electrode. Further, acid treatment leads to creation of cracks (roughness) in the material which also enhance the performance [54] . This treatment is very effective in combination with heat treatment. Feng et al. showed that by using a combination of heat and acid treatment, which result in an increase in power production by 25 % [55] . Electrochemical oxidation treatment: Electrochemical oxidation treatment created new functional groups over the surface. The bacteria form peptide bonds with electrodes and therefore create a pathway for the effective transfer of electrons. It has been shown that the use of acid treatment can increase the power density by 57 percent [56] .
Cathode material
In MFC, the oxygen is reduced at the three-phase interface of air (gas), electrolyte (liquid) and electrode (solid) to form water (four electron pathway) or hydrogen peroxide (two electron pathway). A typical MFC cathode has three layers, viz., diffusion layer (DL), conducting support material and catalyst. Figure 4 shows the three-phase interface of the cathode; the catalyst layer, electrode base material and oxygen diffusion layer. Most of the materials used as an anode can be used as a cathode however in addition a robust MFC cathode should have the following properties: A low oxygen reduction rate at a neutral pH and low temperature results in a high over potential, which is a major limitation in MFC performance. Since carbon-based materials have poor catalytic activity, an additional catalyst is required to boost the reduction process.
A catalyst increases the rate of reduction reaction by decreasing the activation energy barrier. Oxygen reduction reaction (ORR) follows two different pathways: one is the 4-electron pathway which is more favorable than the other 2-electron pathway [57] . The whole mechanism is described elsewhere in [58] . The ORR in two different electron pathways in acidic medium [59] can be expressed as:
Different materials used in an MFC cathode are summarized in the following sections.
Cathode with Pt-based catalyst
Oxygen reduction reaction is insufficient if plain carbon or graphite is used as the cathode. Therefore, it is necessary to coat it with a catalyst layer. In almost all cases, platinum is the most successful catalyst for oxygen reduction reaction because of its high surface area and low over potential for ORR [10] . Zhang et al. used a cathode made of a double layer of PDMS/carbon loaded with Pt and showed that a maximum power density of 1610 mW/m 2 can be achieved. Further, hydrophobic materials like PDMS decrease the water diffusion into a single-chambered MFC.
Ghasemi et al. reduced the Pt loading by depositing over CNTs, showing that the ORR catalytic activity was improved for CNT-Pt composite. Further, the ORR was not affected considerably by decreasing Pt loading by 20-fold [60, 61] .
Cathode with non-Pt-based catalyst
Usually, Pt is the most used catalyst at the cathode but its high cost limits its use in commercial applications. Furthermore, some limitations with Pt include pH sensitivity, sulfide poisoning and non-sustainability challenged researchers to develop non-Pt-based catalysts as an alternative.
Another transition metal catalyst iron phthalocyanine can be used as a catalyst, taking the advantage of the p-p interaction between the metal and carbon of the aromatic ring, leading to rapid electron transfer [62] . Yuan et al. reported the use of amino functionalized multiwalled CNTs supported with iron phthalocyanine for cathodes. The power density was considerably high with CNT cathodes. It was found that the power density achieved was even higher than platinum-carbon cathodes as shown in Fig. 5 [62] . Metal macrocyclic compounds such as cobalt Fig. 4 The reaction at the cathode occurs at the triple phase interface of air, solution and catalyst. a Oxygen reduction reaction at threephase interface producing water as product. b ORR at three-phase interface of cathode tetramethoxyphenylporphyrin (CoTMPP), was used by Cheng et al. showed that CoTMPP can be used as an ORR catalyst with comparable coulombic efficiency to that of platinum [63] . Lead dioxide can also be used as an alternative to Pt as a catalyst, while having a lower cost, it also shows four times higher power densities as compared to conventional Pt electrodes [64] .
Transition metal-based oxide catalysts have also emerged as an alternative to platinum in ORR [65] . Manganese dioxide MnO 2 has been used as a shuttling mechanism for oxygen reduction. The cathode current of a MnO 2 catalyzed cathode was found to be much larger than a graphite electrode [66] . The results were pursued by Zhang et al. by comparing the three forms of manganese dioxide a , b and c MnO 2 deposited over glassy carbon using polyvinylidene fluorine (PVDF) as binder. Results showed that the catalytic properties of b MnO 2 are quite close to platinum catalyst as shown in Fig. 6b [67] . Further, Fig. 6a also shows that power densities of MnO 2 as catalyst are very close to standard Pt as catalyst. During ORR, the MnO 2 is first reduced to MnOOH by accepting electrons, which is then followed by oxidation to MnO 2 . Furthermore, the current density of ORR from MnO 2 deposited cathode was 10 times higher than that of glassy carbon, indicating the ORR catalytic property of MnO 2 . Similar results were also reported by Roche et al. with MnO 2 cathode deposited over carbon black as shown in Fig. 6 [68]. Amade et al. used manganese dioxide deposited over CNTs as a cathode material showed that the output power density increased by two orders of magnitude as compared to plain stainless steel cathode [69] .
Recently, palladium, a Pt-like transition metal, is being tested for use as a cathode due to its excellent catalytic properties and low cost. Huang et al. showed that Pd nanoparticle has a very low oxygen reduction reaction overpotential for catalytic hydrogen production. The linear sweep voltammetry results show higher stability than that of Pt [70] .
Lead oxide is also used as an alternative catalyst for MFC cathodes. Some very interesting results obtained by Morris et al. show that power densities were increased to four times than that of commercial Pt/C (10 wt%). Furthermore, the cost of PbO 2 electrodes was 8 times less than Pt-carbon electrode [64] . Activated carbon with large surface areas can be synthesized by electrospinning and pyrolysis of polyacrylonitrile precursor. It is reported by Ghasemi et al. that the power density of activated carbon [67, 68] fiber-treated electrodes was increased by more than 75 percent [60] .
Biocathode
The higher cost, non-environmental friendly and complexity in fabrication of conventional catalysts lead to the development of biocathodes where microorganisms themselves act as the catalyst. The biofilm formed over the cathode catalyzes the reduction reaction [71] .
Biocathodes can be categorized into two groups: aerobic and anaerobic biocathodes. In aerobic biocathodes, oxygen is a terminal electron acceptor and hydrogen peroxide is an intermediate. Transition metals such as iron and manganese act as electron mediators between the electrode and oxygen. Fe (III) is reduced to Fe (II) by electrons generated from the biofilm, which is subsequently oxidized by oxygen. In this way, electrons are transferred from the cathode to the terminal electron acceptor, oxygen in this case [72] . In anaerobic type conditions, where oxygen is not present, nitrates and sulfates can be terminal electron acceptors. Figure 7 shows a biocathode in which biofilm catalyze the reduction of chemical active species such as nitrate and oxygen. The cathodic potentials of nitrate, manganese and iron are comparable to oxygen. In addition, an anaerobic biocathode has the advantage by preventing the loss of electrons through oxygen, which may diffuse to the anode through PEM.
Furthermore, microorganisms at the cathode can be used to produce chemicals such as methane, ethanol and formic acid [73] and can also be used as a biosensor to detect biological oxygen demand (BOD) [74] in water. It is observed that a small amount of non-exoelectrogens are advantageous to facilitate the ORR by exoelectrogens [75] . A typical setup of an MFC using microorganisms as catalysts at the cathode with or without the help of manganese and iron mediator is shown in Fig. 8 It is also proved from cyclic voltammetry that biofilm formation is most facilitated by graphite felt followed by carbon paper and stainless steel mesh [76] .
Cathode with metal-free catalyst
The higher cost of metal catalyst along with limited global reserve appealed researchers to find an alternative with comparable catalytic activity, less expensive materials for ORR at cathode. Recently, it was reported that metals as catalyst in ORR only promote the formation of active sites and have no role in catalytic function [77] . Chemically modified carbon-based materials including carbon nanotubes, graphene, graphite foam can be used as catalyst for ORR [78, 79] . ORR can proceed to four electron pathway using a nitrogen incorporated catalysts [80] [81] [82] . Nitrogendoped graphene nanosheets have shown high catalytic activity, stability and onset potential than commercially Fig. 7 MFC biocathode where oxygen and nitrate is reduced using direct electron transfer or using mediator. Manganese and iron act as mediators to transfer electrons to oxygen Fig. 8 A typical setup of MFC using a biocathode, where oxygen and chemical reactants are reduced. The system can be used to generate power or to drive biochemical synthesis reactions to synthesis valueadded chemicals available Pt (10 wt%) for ORR [81, 83] . In another study, nitrogen-doped CNTs were found to have higher electrocatalytic activity, lower overpotential and long-term stability for ORR than commercially available Pt (20 wt%, E-TEK) [84] . In Fig. 9 , the cyclic voltammogram of nitrogendoped graphene nanosheets is compared with other materials. It is clear from the figure that the nitrogen-doped graphene nanosheets show the best catalytic activity compared to other materials. The net peak current density approaches to 8.75 mA/cm 2 for NGNSs-900 which is higher than commercial Pt/C (5.12 mA/cm 2 ). It is proposed in many studies that carbon atom around nitrogen acts as active site for ORR. The higher electronegativity of nitrogen atom withdraws electrons from adjacent carbon atom creating positive carbon atom which acts as active site for activation of O 2 molecule in ORR [85] .
Conclusion
Electrode materials have a great impact on the performance of MFCs. Since cathodes and anodes have different characteristics, the materials and design for them also differ. In general, electrode materials are considered in terms of surface area, electronic conductivity, chemical stability, cost and accessibility. In addition, an anode material should be biocompatible to allow microorganisms to grow. Materials with cell toxicity cannot be used regardless of their other properties. Carbon-based materials are widely used because of their high conductivity, biocompatibility, chemical stability as well as low cost. Furthermore, the surface treatment of the anode leads to a better performance of the MFC. On the other hand, the cathode materials require enhanced catalytic properties due to the poor kinetics of oxygen reduction reaction. Even though platinum is the best catalyst, research is ongoing to find alternative materials due to its high cost, making it unfeasible to implement in commercial applications. Transition metal oxides such as manganese oxide, nitrogen-doped carbon-based materials have emerged as promising materials for ORR with low cost. Due to a lack of sustainable catalytic materials, microorganisms can also be used as catalysts, which is termed as a biocathode. In the future, microorganisms can be manipulated to increase their endogenous mediators for improved electron transfer. Lastly, a better understanding of microorganism interactions with electrode surfaces will be helpful to optimize the performance of the MFCs. Fig. 9 Cyclic voltammograms of nitrogen-doped graphene nanosheets annealed at 900 C (NGNSs-900), nitrogen-doped graphene nanosheets annealed at 750 C (NGNSs-750), commercial Pt/C (10 wt%), graphene and C 3 N 4 coated graphene performed in 0.1M KOH solution with potential range À0:8 to þ0:2 and scan rate 50 mV/s [83] 
